The relationship between the number of fibers injected intraperitoneally and the occurrence of peritoneal mesotheliomas in rats was investigated using data from a series of carcinogenicity studies with several fibrous dusts. Based on observed tumor incidences ranging between 10 and 90%, the hypothesis of a common slope of dose-response relationships (parallel probit lines in probit analysis) cannot be rejected. In general, parallelism of probit lines is considered an indication of a common mode of action. Analysis of the shape of the dose-response relationship, with one apparent exception, shows virtually linear or superlinear behavior, i.e., from these data, there is no indication of a decrease in carcinogenic potency of an elementary carcinogenic unit at lower doses.
Introduction
In addition to the question of possible carcinogenic potential, carcinogenicity testing can provide important information regarding dose-response relationships. Generally, based on consideration of probability calculation, three different curves can be distinguished: linear, sublinear, and superlinear. Linear type is approximately linear only in the low approximating 100% response range and is slightly bent to the right. The sublinear curve is sigmoidal over the whole range; the superlinear curve is more bent to the right than the linear type. A mathematical function that can be used to characterize the shape of the dose-response relationship is the Weibull cumulative distribution function (1) : a value of unity for its shape parameter corresponds to a linear relation, which means that the potency of a single dose unit, i.e., the ratio of the carcinogenic response to the dose, is equal at all doses. A value for this parameter of greater than unity corresponds to a sublinear relation or a decreasing carcinogenic potency from higher to lower doses. Another model often considered is the probit (lognormal) model. Though the biological basis for its application to carcinogenicity data is doubtful, this type of analysis, commonly used in pharmacology and conventional toxicology, is often applied to the presentation and formal description of dose-tumor frequency data. This analysis can be particularly useful for estimation of relative potencies in the experimental range, especially when regression lines are parallel. In this paper, a probit analysis of the tumor frequencies of a recently completed series of intraperitoneal injection studies with several mineral fiber dusts is presented; additionally, dose-tumor frequency data were analyzed with regard to shape characteristics, using the Weibull model (1).
Materials and Methods
The data used for the analysis were taken from a series of three experiments in which a total of about 2000 male and female Wistar rats were injected ip either with suspensions of fibrous or nonfibrous dust or with saline only. After lifetime observation up to 30 months, they were examined for tumors in the abdominal cavity. One granular dust (silicon carbide), two asbestos dusts (crocidolite and tremolite) and eleven dust samples of man-made vitreous fiber(s) (MMVF) were administered. Five of the vitreous fiber types were fine fiber fractions from four commercial insulation wools and one experimental wool; the others were prepared by cutting and milling of wool from glass microfibers. Fiber types included some samples with similar size distribution and different chemical composition and some samples with different size distribution and the same chemical composition ( Table 1) . The total dust masses applied per animal ranged from 0.5 mg (crocidolite) to 1000 mg (glass fibers B-01 and granular silicon carbide). When multiple injections were administered per animal, the interval between injections was 1 or 2 weeks. Table  1 gives an overview of the dusts and doses used. According to the study protocol, tissue samples of all animals were examined histologically and animals were counted as positive if at least one tumor was found in the abdominal cavity and evaluated as mesothelioma. Further details of the experimental design and preliminary results have been previously described (2) . A more detailed description of materials and methods applied in the carcinogenicity study and the final results with histological diagnoses is in preparation.
Dose-response relationships were investigated for the analysis presented here. Dose was defined as the number of fibers with length > 5 pm, diameter < 2 pm, and length/diameter> 5/1. This definition of dose applies to both fiber types (long and thick and short and thin) in Table 1 , but comprises different proportions of particles contained in the dust samples. Mass dose refers to the total amount of dust injected. Response was defined as proportion of rats with peritoneal mesothelioma(s) among the number of rats examined. Because no systematic differences between sexes were found, the numbers of male and female rats were combined. The probit model was fitted to the data under the constraint of a common slope. Goodness of fit was tested using the %2 statistic. Generally, lack of fit of such a constrained model can be due to lack of homogeneity or lack of parallelism. 
Results and Discussion
In 433 rats treated with saline or granular silicon carbide (250 or 1000 mg), two rats with mesotheliomas were found-one among 69 male rats receiving 20 x 2 ml saline and one among 47 We fitted the probit model to all other groups, including glass fiber B-01-0.9, under the constraint of a common slope, which gave a X2 of 39.4, thus indicating a significant departure of the data from the model (degrees of freedom [df]= 17, p = 0.002). However, this does not mean that the hypothesis of parallelism must be rejected-the F-test differentiating variances due to departure from parallelism and homogeneity (after independent fit of the unconstrained model to each data set) gave an insignificant value of 2.29 (dfl = 9, df2 = 8, p = 0.13). It was obvious, and can be seen in Figure 1 , that the lack of fit is explained to a great extent by an apparently different behavior of the glass fiber B-01-0.9. Such different behavior may be considered plausible since this dust, which has a relatively low durability, was tested with the highest dose of 1000 mg. Therefore, the analysis was repeated excluding the B-01-0.9 data. No significant deviation of the data from the model with a common slope was found (x2 = 14.4 df= 13, p = 0.35). data sets of the dusts (except B-01-0.9) were normalized using b= 0.73 and the method described above. Figure 2 shows the resulting slightly superlinear curve and also a curve fitted separately to the B-01-0.9 data, which resulted in a sublinear shape (b = 2.4).
These dose-response relationships are in good agreement with the results of earlier ip studies, both in terms of parallelism and curve shape. Although results from experiments conducted at various times were used, we found that the probit lines fitted independently to data sets of several dusts did not show markedly different slopes (5). As mentioned above, the slope of a dose-response line in a transformed plot (probit, logit, complementary log-log plot, etc.) is related to the shape of the corresponding dose-response function graph plotted on linear axes. Therefore, it is not surprising that in earlier studies with similar probit lines, similar shapes of the Weibull function were found (6) . In principle, these shapes tended to be more strongly superlinear than those found in the recent study (e.g., chrysotile and silicon carbide whiskers b = 0.5, actinolite and crocidolite b= 0.6).
However, careful comparison of the historic ip data with recent data is necessary because slightly different modes of evaluation of positive animals were used. In the earlier studies, under macroscopic examination, only tissues thought to contain tumorous lesions were examined histologically. Microscopic examinations were performed by different pathologists; tumors that were diagnosed as sarcomas (not organ specific, no lymphosarcomas or hemangiosarcomas) and mesotheliomas were considered exposure related. In the early studies a few carcinomas were also counted. In the recent study, tissue samples from macroscopically inconspicious rats were examined microscopically. Specimens were taken by the pathologist (K. Kamino) and mesotheliomas were counted. A sarcoma diagnosis was rare in this series. Furthermore, a pathology working group [Davis et It is unclear if the differences in evaluation may be related to some slightly different curve shapes. It seems more important that with all study designs, sublinear dose-response relationships were found only in exceptional cases. In the historical studies, 19 analyzed datasets revealed that only 3 were sublinear and only 1 had a b value > 2; this was a dataset with only two dose levels and low tumor frequency, and therefore large statistical uncertainty. Among the six datasets with three or more dose levels, no sublinear curve was found. Thus, the data do not provide evidence of decreasing carcinogenic potency of a dust unit at lower doses or evidence of a threshold dose. In the present study, the injected dust mass was relatively high in some groups, e.g., 150 to 450 mg for B-09-2.0. However, with an even higher dose of 1000 mg nonfibrous silicon carbide, no mesothelioma was observed among 1 15 rats. In other groups, the doses were substantially lower, e.g., 3.3 to 15 mg for tremolite. The specific fiber content (number of fibers per mass unit of dust) was also different for the individual dusts. If the induction of the mesotheliomas was mainly linked to some mass load of the peritoneum, we would have expected different slopes dependent on the mass required for induction of comparable tumor frequencies. However, similar curve shapes were obtained for dose-response relationships when dose was defined as the number of fibers with certain dimensions. In the earlier studies, asbestos dusts that were used included a mass as low as 0.01 mg actinolite. Figure 1 shows that the dose-response relationship obtained is not substantially different from more recent ones. Together with the finding that no mesothelioma was observed with a high mass dose of 1000 mg nonfibrous dust, this analysis is in agreement with the assumption that the mechanism responsible for the mesotheliomas in this experimental system is specific for the fibrous shape of the particles administered.
